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The properties of iron at high pressure are of great current interest because it is a classic d-electron metal, it exhibits extensive polymorphism at high pressures and temperatures [1] [2] [3] [4] , and it is the dominant component of planetary cores. Despite this fundamental, technological and geophysical importance, information on the structure of liquid Fe at high pressure has long been prevented because of the low signal levels relative to background and of experimental difficulties arising from the extreme conditions required (above 1810 K, melting temperature of iron at ambient pressure) [5, 6] . The advent of third generation synchrotron facilities has opened the prospect for diffraction studies of liquids at high pressure, providing information on possible structural rearrangements induced by pressure and temperature [7, 8] . Here we report the first direct study of the structure of liquid iron at high pressures and temperatures using new synchrotron X-ray diffraction methods.
Structural changes at high pressure have recently been observed in molten KCl and KBr at temperatures above the subsolidus B1-B2 transition, with the 2nd neighbor ion distance In the upper right corner are 2D diffraction data collected on imaging plates; the upper one corresponds to solid iron (remaining diffraction peaks, pointed out by "s" letters), the lower one to liquid iron ("l" letters). The signal at low angle is due to the boron epoxy gasket, and the next sharp circle to the hBN container.
decreasing with pressure, while the nearest-neighbor distance remains essentially constant [8] . We will show here that structural changes can also be evidenced in liquid iron near the δ-γ-l triple point and that they are surprisingly close to the underlying changes in the solid at lower temperatures. Moreover, we find evidence for enhanced intermediate-range order in the liquid with increasing pressure and temperature.
We used a large volume apparatus (Paris-Edinburgh press [9, 10] ) which allowed access to the P-T range of 2-5 GPa and 2000-2300 K, while high-energy X-ray diffraction data were collected in situ. Experiments were carried out at the ESRF ID30 synchrotron X-ray beamline (Grenoble, France), with a monochromatic angle dispersive set-up. For diffraction measurements, it is crucial to reduce the X-ray absorption by the cell assembly in order to obtain a strong sample-to-background signal; as the photon flux delivered by the synchrotron ring decreases with the X-ray energy and the absorption coefficient, µ, for a given element increases with atomic mass and wavelength, a good compromise was found at E = 101.7 keV. The samples consisted of pure Fe (99.99%) fine powder that was internally heated by a graphite furnace (the cell-assembly is described in detail elsewhere [11] ). Even with optimal design of the cell-assembly, a high-brilliance X-ray source is necessary for the diffracted beam from the sample to be of sufficient quality for analysis. Diffraction patterns were collected on Fastscan imaging plates [12] from both the sample and internal P-T calibrants (hexagonal boron nitride (hBN) and platinum), by moving the press perpendicularly to the X-ray beam. The P-T conditions were determined from the unit-cell volumes of the two internal calibrants obtained from their X-ray diffraction patterns [13] [14] [15] . The observation of diffuse rings with the simultaneous disappearance of all crystalline iron diffraction peaks was used as the criterion to determine melting ( fig. 1 ).
After integration of the 2D imaging plate, the raw 1D signal (as a function of the 2-θ Bragg angle) was processed as follows. 1) We subtract the boron epoxy gasket diffraction signal ( fig. 1). 2) The diffracted intensity, I(2θ), is converted into S(Q), the structure factor using
where Q = 4π sin(θ)/λ; f , atomic scattering factor; A, normalization constant (such as lim Q→∞ S(Q) = 1); I 0 , intensity of the X-ray beam before passing through the cell-assembly, recorded on a photodiode; d, the X-ray path length through the sample (∼ 1 mm), µ, its absorption coefficient and ρ, its density. 3) From S(Q), the radial distribution function, g(r) is then calculated from
where n is the average number density of atoms,
is calculated from ultrasonic measurements of both ρ liqFe (P 0 , T ) and K T , the bulk incompressibility (K T (2300 K) = 77 GPa and ∂K/∂T = −0.0104 GPa K −1 ) [16] . 4) From this first integration, we calculate the background signal by inverting the "short" distance signal (i.e., on the low distance side of the 1st neighbors) in order to subtract the corresponding background in the raw diffraction data and consequently in the radial distribution function by repeating steps 2) and 3). 5) Finally, the coordination number (CN) is calculated from
where r min is the distance corresponding to the minimum of g(r) on the large distance side of the 1st peak. Variations in g(r) are observed in the region of the second coordination sphere (between 4 A and 5Å), whereas the first peak changes much less ( fig. 2) . We checked that the observed variations are robust vs. modifications of the subtraction procedure. At constant temperature, each mean atomic position (but especially that of the 2nd neighbor) shifts to lower distances with increasing pressure: (see table I ), while the coordination number increases slightly between 3 GPa and 5 GPa from 10.85 to 11.1. At constant pressure, the same behavior is observed from 2100 K and 2300 K:
K −1 at 5 GPa. Similar structural changes related mainly to the 2nd neighbor shells were also observed in high-temperature (1830-1920 K), ambient pressure experiments on iron [6] ; the second mean distance in the resulting g(r) shifts towards lower distances with increasing temperature. Bulk properties of liquid iron such as its compressibility and its thermal expansion therefore seem to be mainly linked to the compression/expansion of the 2nd neighbors.
The second set of neighbor shells in the 2300 K-5 GPa data reveals structure at ∼ 4.4Å and ∼ 4.8Å. This corresponds, respectively, to the 3rd neighbor distance in fcc-iron and 4th one in bcc-iron (highly coordinated atoms, CN = 24). We analyze our results with this as a starting point. The existence of bcc-and/or fcc-like ordered liquid metals has a rich (and controversial) history [17] . The experimental pair correlation functions were fitted against models of g(r) for crystalline bcc-and fcc-like g(r) structures computed as follows: where d i and CN i are, respectively, the position and coordination number of the i-th shell of atoms, N is the number of shells considered (in a sphere of 10Å of radius). σ i , which represents the magnitude of structural disorder, has been shown to vary with d i [18] :
is then damped by an exponential function to account for the longrange disorder. Consequently, the only parameters of the fit are the cell parameter, a, and the constant k (typically 0.16-0.18).
Simulations by Yamamoto and Doyama [19] reproduce rather well the experimental pair distribution function of liquid Fe at ambient pressure [20] ; these molecular dynamics calculations used an interatomic potential for crystalline α-Fe (low-temperature bcc-phase) [19] . ( a ) Distance at the peak maximum, the integrated mean distance over the first neighbor shell is in parentheses.
( b ) Position determined from the midpoint at g(r) = 1 for ambient pressure data, and the integrated mean for high pressure data; the 1st/2nd mean distance ratio is in parentheses. ( c ) Energy dispersive X-ray diffraction from ref. [8] . Jakse and Bretonnet [21] reproduced the same data with the hybridized mean spherical approximation (HMSA) (fig. 3A) . Ambient pressure data show little evidence of any bcc-or fcc-like order around 4-5Å ( fig. 2) . g(r) can indeed be described by a damped sinusoid as for a random packing of spheres but cannot be reproduced by any bcc-like or fcc-like liquid neither by a mixture of them. Our results imply that with increasing pressure the liquid obtains greater intermediate-range order reminiscent of the underlying crystalline phases. Surprisingly, for two P-T conditions, 3.0 GPa-2300 K and 4.8 GPa-2100 K, the experimental g(r) are well described by bcc-like structure, with a = 2.92Å ( fig. 3A and B) . At 3.9 GPa-2100 K, the g(r) is intermediate between bcc-like and the more disordered ambient pressure curve ( fig. 3A ) [6] , indicating that ordering in the liquid is a smooth function of pressure ( fig. 3C ). Carrying this further, on increasing pressure at 2300 K (4.0 and 5.0 GPa), g(r) cannot be reproduced by a pure bcc-like structure alone but instead can be described as a mixture of bcc-like (phase p 1 ) and fcc-like (phase p 2 ) structures ( fig. 3D ), respectively 70% and 30%. Interestingly, the same effect appears at constant pressure (5 GPa) on increasing the temperature from 2100 K to 2300 K.
Such an evolution of the relative bcc-and fcc-like domains in the melt could influence the bulk incompressibility of liquid iron. The following is based on ideal mixing of phases p 1 and
where K is the bulk incompressibility, V the volume, x p1 the bcc-like proportion and (1 − x p1 ) the fcc-like proportion. Increasing fcc-like structure with increasing pressure would therefore add to the compressibility of the melt relative to both crystalline polymorphs (i.e., providing an additional compression mechanism not available to the crystalline phases).
The results also provide information on the structural changes induced by temperature at high pressure near the triple point. Iron transforms from a low-temperature close-packed structure (fcc) to a high-temperature bcc-phase (δ-Fe) at pressures below 5.2 GPa (fig. 2 ). As this transformation occurs quite close to the melting point (δ-Fe is stable over 200 K at ambient pressure), this may lead to a hybrid reference state for positional melting as well as hybrid domain topology, as suggested by Ubbelohde [22] . He also noted that metals often have one distance of closest approach (for instance ∼ 2.5Å in bcc-Fe before melting, CN = 8) but with a second set of neighbors at only slightly greater distance (∼ 2.9Å, CN = 6); quasi-covalent bonds are formed by this second set [22] . On melting, such bonding may be disrupted, with a collapse to a closer packing (1st neighbor in fcc Fe at ∼ 2.6Å, CN = 12) and formation of more uniform packing and higher coordination number. As a consequence, the volume change on melting as well as the entropy of fusion are small.
In summary, our high-pressure experiments provide insight into previous proposals concerning the structure of liquid iron. Our evidence for increased ordering of liquid Fe could be also associated with growing local anisotropy, with g(r) reflecting a propensity for angular positional relations between two second neighbors. An important consideration is the role of magnetic interactions in controlling the structure of the liquid under these conditions. In our range of pressure, the magnetic properties of crystalline phases change abruptly [3] . Because of the extreme difficulty in accounting for these magnetic effects, theoretical studies of the liquid to date have been mostly restricted to the megabar pressure range [4, 23] . The present results thus should provide useful input for furthering theoretical understanding of this important liquid. * * * CS thanks A. Dewaele for helpful discussions and comments on the data.
